A piezoresistive micro pressure sensor fabricated by commercial DPDM CMOS process by 楊龍杰
A Piezoresistive Micro Pressure Sensor Fabricated by
Commercial DPDM CMOS Process
Lung-Jieh Yang1*, Chen-Chun Lai3, Ching-Liang Dai2, Pei-Zen Chang3
1Department of Mechanical & Electro-Mechanical Engineering, Tamkang University
Tamsui, Taiwan 251, R.O.C.
2Department of Mechanical Engineering, National Chung-Hsing University,
Taichung, Taiwan 402, R.O.C.
3Institute of Applied Mechanics, National Taiwan University,
Taipei, Taiwan 106, R.O.C.
Abstract
A piezoresistive pressure sensor with a chip area of 2 mm  4 mm has been fabricated by a
standard CMOS process with additional MEMS post- process. The structure layers follow the design
rules of the CMOS 0.8 m DPDM (Double-Polysilicon-Double-Metal) multiple-project-wafer
foundry service provided by the Chip Implementation Center, Taiwan. We used a finite element
method software ANSYS to analyze the mechanical behavior of the pressure sensor and used the
commercial software CADENCE to design the structure layout. After the CMOS process and the
MEMS post- process, two CMOS pressure sensors with different diaphragm thickness were packaged
and tested. The sensitivities of sensors were measured as 0.53 mV/atm/V and 13.1 mV/atm/V with
non-linearity less than 5% (FSO), and agree with the theoretical prediction qualitatively.
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1. Introduction
For the great progress of MEMS (Micro-Electro-
Mechanical Systems) [1] in recent years, there are at
least four kinds of processing methods including silicon
bulk micro-machining, silicon surface micro-machining,
LIGA [2] and CMOS (complementary metal-oxide-semi-
conductor) process [3] to fabricate the micro-sensors at
present. Among these technologies, CMOS process for
micro-sensors has the advantages of the maturity in IC
(integrated circuit) foundry, the sub-micrometer spatial
resolution of device fabrication and the functionality of
on-chip circuitry.
CMOS layers were successfully used as the me-
chanical structures or the sensing elements of acceler-
ometers, thermal sensors, magnetic sensors and pres-
sure sensors [34]. Huang et al. [5] also designed a
magnetic Hall sensor by the standard SPDM (single-
polysilicon-double-metal) CMOS foundry service pro-
vided by the Chip Implementation Center (CIC), Tai-
wan, without post-processing. However, it caused some
difficulties in achieving the design and the fabrication
of the CMOS mechanical sensors due to the violations
of some electric rules provided by the CMOS foundry
line and the uncertainty of post-processing used to form
the special geometry of sensor chip.
In this paper, we describe how to fabricate a CMOS
piezoresistive pressure sensor under CIC’s approval of
altering some CMOS circuit checking sequences. Addi-
tionally, the designs of pressure sensors, the MEMS post-
process of silicon anisotropic wet etching and the testing
results with theoretical verification are also discussed.
2. Design of CMOS Piezoresistive Pressure Sensors
A pressure sensor is basically composed of a dia-
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phragm structure and certain sensing elements corre-
sponding to their sensing principles, e.g., capacitive ef-
fect, piezoelectric effect or piezoresistive effect. In this
paper, we chose piezoresistive effect as the sensing prin-
ciple of semiconductor pressure sensors for its simplicity
both in fabrication and measurement.
When a pressure difference is applied on a pressure
sensor, the diaphragm of the sensor will deform and in-
duce bending stresses. It was shown that there is a contri-
bution to resistance change from plane stresses that are
longitudinal (l) and transverse (t) with respect to the
orientation of current flow in piezoresistors. If the
piezoresistor is so small as to have constant mechanical
stresses inside itself, the total resistance change R is
given as follows [6].
R
= (tt + 11) (1)
R
where R is the original resistance of the piezoresistors
subject to no pressure loading. Coefficients t and 1 are
the transverse and the longitudinal piezoresistive coef-
ficients which depend on the crystal orientation and the
dopant types of piezoresistors. However, if the piezo-
resistive material is not mono-crystalline, e.g., doped
polysilicon in this paper, the  coefficients should be
modified to a simpler form [7].
We used the Wheatstone bridge configuration of
piezoresistors to convert the resistance change directly
into an output voltage signal. If we assume that the four
piezoresistors in the Wheatstone bridge subject to a bias
voltage Vb are ideally balanced and all have a resistance
change R, then a differential voltage output V will be
easily obtained by the following equation [6].
V R
= (2)
Vb R
For a thin diaphragm of square-shape obeying the
linear assumption of small deformation, the bending
stresses x and y can be deduced from the vertical de-
flection which is a linear function of the applied pressure
load P [8]. By the dimensionless analysis depicted in the
appendix, we got a linear relation between P and x, y.
x y
x = ( , ; , E) 	 (
L
h
)2 	 P (3)
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y = 
( , ; , E) 	 (
L
h
)2 	 P (4)
L L
where the coefficients  and 
 vary only with mechani-
cal properties Poisson ratio  and Young modulus E, af-
ter the position of piezoresistors are assigned definitely.
From (1) to (4), we can define the sensitivity S of the
pressure sensor as the voltage changing rate per unit
pressure therefore.
(5)
From (5), we see that the sensitivity S is expressed as
a function of diaphragm geometry and material proper-
ties in a separation form. The effect of diaphragm geom-
etry can be extracted by the ratio of diaphragm width L
and thickness h. On the other hand, the Young modulus E
and Poisson ratio  appeared in  and 
 are sufficient to
define the material properties of the isotropic elastic ma-
terial. Such an expression can quickly help us figure out
how the sensitivity varies with different sensor designs.
For example, if the materials for diaphragm structure and
piezoresistors are given, equation (5) is regarded as a
quadratic relation of parameter (L/h) only. It then reveals
that a thinner or a wider diaphragm design is suitable for
pressure sensors of high sensitivity with the beneficial
merits of two orders of magnitude.
The CMOS layers provided by the standard 0.8 m
DPDM foundry service consist of two polysilicon layers,
two metal (aluminum) layers, one passivation (PECVD
silicon nitride) layer and other oxide layers. We used the
passivation layer the oxide layer and one metal layer as
the 4m thick composite diaphragm with an area of 400
m  400 m. The polysilicon material is arranged be-
tween two oxide layers and is used as the piezoresistors
herein. The cross section of the pressure sensor is shown
in Figure 1, while Figure 2 is the layout of the pressure
sensor. To make sure that the diaphragm structure has be
done exactly, all these layouts had been checked by the
0.8 m design rules and were finally generated by the IC
design software CADENCE.
In order to get the maximum signal from the pressure
sensor, the polysilicon piezoresistors are noted to be lo-
cated on the edge and to be arranged near the surface of
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the diaphragm (where the lower surface is chosen in this
CMOS sensor design.) Such a recommendation is clari-
fied by the basics of plate theory [8] or can be demon-
strated by the finite element static analysis of the whole
pressure sensor. Figure 3 is the numerical estimation of
the distribution of the resistance changing rate all over
the pressure diaphragm simulated by ANSYS.
We summarized the design procedures of a CMOS
pressure sensor in Figure 4. This procedure made a suc-
cess by CIC’s approval of simplifying the verification se-
quence of a CMOS sensor to design rule check (DRC)
only. There is no need for the sensor device to go through
the electric rule check (ERC) or even the schematic de-
sign so far. The SEM pictures of the piezoresistive pres-
sure sensor chip after CMOS foundry service is shown in
Figure 5.
3. Design of MEMS Post-process
CMOS planar process makes composite layered
structures of sensors only. It needs a MEMS post-process
for completing the three-dimensional structure of the
sensors. Sacrificial-layer removing or silicon etching on
the front-side of silicon substrate is usually selected to re-
lease the levitation structures of accelerometers and ther-
mal (infrared) sensors [34]. But for the requirement of
air-sealing of the diaphragm structure herein, the aniso-
tropic wet etching from the backside of the silicon sub-
strate is chosen in this pressure sensor design. The fol-
lowings depict the MEMS post-process.
First, we lapped and polished the backside of the
substrate to reduce its thickness from 680 m to 200 m.
This procedure decreases much time for chemical wet
etching and preserves the aluminum pads which were ex-
posed to the anisotropic etching solution from attacking
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Figure 1. Cross section of the CMOS pressure sensor.
Figure 2. Layout of the CMOS pressure sensor.
too seriously.
Second, we chose low temperature thin film technol-
ogy to deposit the etching masks on the backside of the
substrate. These masks were 250°C PECVD silicon
nitride film and sputtered silicon oxide film at room tem-
perature. The thickness of PECVD silicon nitride is 0.4
mm and the sputtered silicon oxide is 1.2 mm thick. After
the infrared double-sided lithography for photoresist
preparation, the etching masking was patterned by RIE
(reactive ion etching) with CF4 plasma. The reason for
the requirement of low temperature in MEMS post-
process is that the aluminum layers of the CMOS process
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Figure 4. The flow chart for designing a CMOS pressure sen-
sor.
Figure 5. SEM photograph of the CMOS piezoresistive pres-
sure sensor chip.
Figure 6. The backside picture of the sensor chip after MEMS
post-process.
Figure 3. Distribution of the resistance changing rate of the
CMOS pressure sensor (one quarter view).
may have problems of spiking or short circuits in an en-
vironment with a temperature higher than 350C.
Third, we selected EDP (ethylene-diamine: pyroca-
techol: water  1000 mL: 160 g: 320 mL) as the silicon
anisotropic etching solution. Such a solution has good
anisotropic character in etching the (100) silicon wafers,
and it has good selectivity in metal preservation [6]. In
our experiment, the EDP solution etches (100) silicon at
115 C with an etch rate 1.25 m/min [9] and the etch rate
of EDP for aluminum is about 300 times lower than that
of (100) silicon. Hence, the 0.6 m thick metal pad was
successfully preserved after the EDP etching. Figure 6 is
the backside picture of the sensor chip with a 4 m thick
diaphragm after its post process.
4. Pressure Testing and Results
Two CMOS pressure sensors with different dia-
phragm thickness, 4 m and 20 m, were fabricated. The
20 m thick diaphragm is composed of the 4m thick
CMOS structure and 16 m thick silicon under the CMOS
structure. Here, we assume the identical mechanical
properties for silicon and CMOS layers, and there is
five-folded variation in diaphragm thickness for the two
fabricated CMOS pressure sensors.
After the wire bonding and the senor packaging, we
fixed the bias voltage of Wheatstone bridge and let the
testing pressure varied from 0 to an ultimate pressure
corresponding to the diaphragm thickness. Figures 7
and 8 are the results of voltage outputs versus pressure
loading for the two fabricated CMOS pressure sensors.
The sensitivities are fitted as 0.530 mV/atm/V for 20
m, and 13.1 mV/atm/V for 4 m thick diaphragms with
non-linearity less than 5% (FSO), respectively. Such
data match the qualitative trend predicted by equation
(5), i.e., a piezoresistive pressure sensor with one-fifth
thickness of diaphragm has an output sensitivity of 25
times larger.
5. Conclusions
We successfully fabricated CMOS piezoresistive
pressure sensors by the commercial CMOS 0.8 m
DPDM process combined with MEMS post-process
etching step. The sensitivity of a sensor with a 20 m
thick diaphragm is 0.530 mV/atm/V with pressure range
from 0 to 3.4 atm, whereas the sensitivity of another
sensor with a 4 m thick diaphragm is 13.1 mV/atm/V
with pressure range from 0 to 0.75 atm. These results
agree with each other qualitatively by the theoretical
prediction derived from the dimensionless analysis in
this paper.
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Figure 7. The output voltage vs. pressure for the sensor with
20 m thick diaphragm; the bias voltage for the
Wheatstone bridge is Vb = 3.07 V.
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Figure 8. The output voltage vs. pressure for the sensor with
4 m thick diaphragm; the bias voltage for the
Wheatstone bridge is Vb=1.0 V.
Appendix
For a two-dimensional thin plate with the dimension
of width L and thickness h, and with the material proper-
ties of isotropic, homogeneous characteristics, the verti-
cal deflection function w(x, y; , E, L, h) satisfies the fol-
lowing governing equation with well-posed boundary
conditions [10]:

4w 4w 4w
Dx + 2H + Dy = p (A1)
x4 x2y2 y4
w
B.C.: w = = 0 on B (A2)
n
where x  (0,L), y  (0,L)
where p denotes the external pressure loading, and
the coefficients Dx, Dy and H denotes the rigidities of the
elastic diaphragm with the function expression of E and
 shown as below.
Eh3
Dx = Dy = D = (A3)
12(1  2)
H = D1 = 2Dxy (A4)
Eh3
D1 = (A5)
12(1  2)
Gh3
Dxy = (A6)
12(1  2)
The relations of plane stresses x, y with the defor-
mation w(x, y) are listed as follows:
(A7)
(A8)
By the dimensionless analysis, we introduce follow-
ing dimensionless variables to make equations (A1)
(A-2) more neat for physical interpretation.
Dw
W = (A9)
pL4
X y
X = , Y = (A10)
L L
Inserting (A9) and (A10) into (A1) and (A2), we can
obtain the dimensionless governing equation and its
boundary conditions.

4W 4W 4W
+ 2
H
D






+ = 1 (A11)
X4 X2Y2 Y4
W
B.C.: W = = 0 on B (A12)
n
where X  (0,1), Y (0,1)
We observe that equations (A11) and (A12) are all
normalized with only one dimensionless parameter, the
rigidity ratio (H/D), which correlates with material prop-
erties instead of the dimension of the thin plate. In other
words, the vertical deflection W(X, Y) is determined by
the material properties only, and has nothing to do with
the dimension of the thin plate.
W(X, Y) = (X, Y; H/D) (A13)
Substitute (A9), (A10) and (A3) into (A13), the de-
flection functions W(X, Y) and w(x, y) become.
(A14)
Using (A7), (A8) and (A14), the equations (3) and
(4) for maximum plane stresses (on the plate surface, z =
h/2) x, y can be derived.
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